INTRODUCTION
Glycosylation is a major covalent modification that modulates the structure and/or the function of many proteins in eukaryotes. Of the several types of protein glycosylation, the addition of Noligosaccharides to Asn residues has been studied in great detail and has been shown to proceed by a pathway that has been highly conserved through evolution (Kornfeld and Kornfeld, 1985) . Studies in Saccharomyces cerevisiae have yielded invaluable information on some steps of this pathway, especially on the assembly of the oligosaccharide-lipid carrier (dolichol-PP), its transfer to the protein and on the trimming and elongation reactions that take place during the transport of the glycoconjugate to the cell surface (Kukuruzinska et al., 1987; Tanner and Lehle, 1987; Herscovics and Orlean, 1993) . However, information concerning the structural principles that govern the frequency ofglycosylation ofdifferent sequons and/or the factors that determine the extent of maturation or elongation of each carbohydrate chain is rather scarce and conflicting. As noted, relatively few N-linked sites have been characterized (Herscovics and Orlean, 1993) .
The exoglucanase (Exg) system from S. cerevisiae is an excellent model for this kind of study. The primary translation product of the S. cerevisiae EXGJ gene can be differentially glycosylated during its transit to the cell surface to yield three isoenzymes formerly named ExgI, ExgII and Exg11112, here renamed as Exgla, Exglb and Exg325. Exgla and Exglb represent about 10 % and 90% respectively of the activity secreted into the culture medium by exponentially growing cells (Ramirez et al., 1989a) .
Additional studies on sequential deglycosylation of Exgla with endo-,f-N-acetylglucosaminidase H (endo H), the susceptibility of both oligosaccharides to the endoglycosidase, and analysis of the presence of GlcNAc at both asparagine residues after total deglycosylation with endo H, indicated that ExgIa contained two oligosaccharides, a short one bound to Asn165 and a large one bound to Asn325, and, accordingly, originated from Exglb. The elongation of the second oligosaccharide did not result in a higher stability towards thermal inactivation or unfolding, or in an increased resistance to proteases as compared with Exglb; however, the affinity of the enzyme towards laminarin decreased by 500%. This site-specific elongation occurred in the oligosaccharide that was less susceptible to endo H, indicating that these properties are determined by different conformational constraints.
Exg325 is a minor product synthesized during the late exponential and stationary phases of growth when the efficiency of glycosylation is reduced. Under some circumstances, an additional glycoform, Exg165 (previously Exg1lll2'), is also produced (Basco et al., 1993) . Figure 1 shows the primary structure of the several glycoforms, including that deduced for Exgla in the present work. Exglb contains 12% carbohydrate distributed into two short oligosaccharides, each consisting of a regular inner core whose outer chain is reduced to two or three residues of mannose (Ramirez et al., 1989b; Hermandez et al., 1992 (Olivero et al., 1985) with the appropriate supplement of growth factors. The multicopy plasmid pRN14, which carries the EXGI gene, has been described before (Nebreda et al., 1986 ).
Single-stranded DNA templates for sequencing were isolated from MV1 190 cells (Bio-Rad) carrying the appropriate plasmids after infection with Ml 3K07 helper phage (Messing, 1983) .
Endo-fl-N-acetylglucosaminidase (endo H) was a gift from Dr. F. Maley. Protease Type XIV from Streptomyces griseus and trypsin were from Sigma. Other chemicals were obtained as described (Hernandez et al., 1986 (Hernandez et al., , 1992 Larriba et al., 1988; Ramirez et al., 1989a,b (Sikorski and Hieter, 1989) , since these sites are present in the EXGJ gene. Site-specific mutants in the first, the second and both N-glycosylation sites of the EXGI gene were generated as previously described (Basco et al., 1993) . Then, the resultant plasmids were digested with SalI/XbaI (site 1) or KpnI/NaeI (site 2) and fragments were subcloned in a plasmid (pRBI) obtained by inserting the BamHl/ClaI fragment of EXGI from pCV5 into pRS316-2. These constructions were named pRB2 (site 1 mutated), pRB3 (site 2 mutated) and pRB4 (sites 1 and 2 mutated).
Plasmid preparation, agarose gel electrophoresis and DNA transformation of Escherichia coli and S. cerevisiae were as described before (Ito et al., 1983; Rose et al., 1989; Sambrook et al., 1989) .
Ion-exchange chromatography
Conventional ion-exchange chromatography was performed as previously described (Ramirez et al., 1989a) . However, a 0-0.35 M NaCl gradient (instead of 0-0.5 M) was used for the separation of Exglb and Exg925. For ion-exchange chromatography at high pressure (h.p.l.c.) dialysed samples (20-100 1dl) were applied to an ion-exchange (Bio-Gel TSK DEAE-5-PW) column (75 mm x 7.5 mm). Elution was performed as indicated at a flow rate of0.5 ml/min and a pressure of4 bar (1 bar = 105 Pa).
Spectroscopic measurements
An Hitachi-Perkin-Elmer fluorescence spectrophotometer model 650-40 equipped with register and thermoprogrammer were used for spectroscopic measurements. The thermal, unfolding transition of ExgI and ExgII was monitored by fluorescence at 344 nm (excitation at 280 nm). Slit widths of 5 and 10 nm were used for excitation and emission respectively. The heating rate was 4°C/5 min. Samples were resuspended in 25 mM acetate buffer, pH 5.2, supplemented with 20 % glycerol to optimize the measurements.
Kinetic measurements Samples in acetate/glycerol buffer (see above) were incubated for 5 min at the indicated temperatures. Then they were diluted 50-fold in acetate buffer pre-warmed at 30 'C. Residual activity was assayed at this temperature against p-NPG. Controls kept at 30 'C were assayed in parallel. The protein concentration was about 0.2 mg/mI.
Digestion with proteases
Purified Exgla and Exglb (1,ug of protein) were incubated with protease Type XIV from S. griseus (0.12 unit) or trypsin (0.44 unit) in 50 mM Tris/HCl, pH 7 (final volume 30 ll). Incubation times were 0, 5, 10, 20 and 30 min for the former protease and 0, 5, 10, 30, 45 and 60 min for the latter. Reactions were stopped by the addition of 220 ,A of 100 mM acetate buffer, pH 5.2, containing the following protease inhibitors: 2 mM phenylmethanesulphonyl fluoride (PMSF), 2 mM EDTA, 2 mM EGTA, 1 mM leupeptin, 1 mM pepstatin and 1,uM aprotinin. The residual Exg activity was tested using p-NPG as a substrate.
Other methods Enzymic assays were carried out as described by Ramirez et al. (1989a) using either p-NPG or laminarin as the substrate. Glucose liberated from laminarin was determined with glucose oxidase coupled to peroxidase (Gascon and Lampen, 1968) . Units of activity were ,umol of p-nitrophenol released/h at 30 'C. Purification of Exgla and Exglb, gel filtration through Sephacryl S-200 and SDS/PAGE have been described elsewhere (Ramirez et al., 1989a) . After electrophoresis samples were stained with silver (Morrisey, 1981 Exg165 325) glycosylation sites. The transformed strains were grown in minimal K medium and culture fluids, harvested in the exponential phase, concentrated by ultrafiltration and analysed by standard ion-exchange chromatography (DEAE-Bio-Gel A). As shown in Figure 2(a) , strains containing the wild-type gene generated the typical exoglucanase profile, i.e. a small and broad peak (Exgla) followed by a larger and sharper peak (Exglb). The major exoglucanases from site-directed mutants eluted as expected, i.e. Exg325 (secreted by mutant Exgl65) eluted at a lower salt concentration than Exg165 (secreted by mutant Exg325), although this chromatographic system was less able to resolve the activity than h.p.l.c. used in previous studies (Basco et al., 1993 ; see below). More importantly, whereas an Exgla-like enzyme was present in mutant Exg165 (Figure 2c ), no activity could be detected in this region of the eluent in samples from mutant Exg325 (Figure 2b ). This result indicated that only the second oligosaccharide was elongated in the site-directed mutants. As expected, the double mutant secreted a single form We have reported preliminary evidence indicating that the first sugar residue of Exglb is more susceptible to endo H whereas the second masks more negatively charged residues, a fact which allows the separation and identification of two ionic intermediates carrying a single oligosaccharide in either site (and GlcNAc in the other) (Basco et al., 1993) . Additional evidence for this differential susceptibility to endo H came from time-course deglycosyltion kinetics of the major glycoforms secreted by mutants Exg165 and Exg325. As shown in Figure 4 , Exg325, which carries the oligosaccharide bound to the second sequon, was deglycosylated at a significantly lower rate than Exg165. Assuming that elongation of the second residue did not alter significantly its susceptibility to endo H, we concluded that the approach 
Characterization of the in vitro deglycosylated Exgla
In order to definitively answer the question of the origin of Exgla, we analysed the deglycosylation products of Exgla from wild-type and Exg165 in a TSK DEAE-5-PW column chromatography (h.p.l.c.), which could discriminate between molecules carrying a single GlcNAc residue attached to either one or both glycosylation sites and their counterparts lacking the amino sugar. A summary of the results obtained during the calibration of the TSK DEAE column with authentic standards is shown in Figure 5 (c).
Fractions 36-48 ( Figure 2a ) and 40-48 ( Figure 2c) were pooled, and the enzymes further purified through a Sephacryl S-200 column. Exgla from wild-type and Exg165 mutant were then treated with endo H, and the deglycosylated products analysed by h.p.l.c. (TSK DEAE column). As shown in Figure 5 , deglycosylated Exgla (a) from wild-type co-eluted with deglycosylated Exglb one fraction before the deglycosylated Exgla from mutant Exgl65 (b) which, in turn, co-eluted with the Figure  6 , no differences were observed in the thermal transition of Exgla and Exglb when determined by the disappearance offluorescence. Both molecules exhibited half transition temperatures between 61.6 'C and 62 'C and a transition range of about 15 'C (59.5-74°C). Similarly, denaturation kinetics followed by extinction of fluorescence did not show differences between Exgla and Exglb either. In both cases, after 40 min at 60 'C, the extinction of fluorescence was 65 70 % of the initial value, and this decrease adjusted to first-order kinetics with a tl12 of 6 min. Accordingly, elongation of the second oligosaccharide of Exglb did not result in an increase in the thermal stability of the activity nor in a higher resistance ofthe molecule to thermal denaturation.
Finally, Exgla and Exglb were also equally susceptible to protease XIV from S. griseus or trypsin (results not shown). Conclusions on the frequency of elongation and endo H accessibillty of Exg oligosaccharides To our knowledge, the most complete study on glycosylation, endo H susceptibility and elongation of oligosaccharides has been carried out with yeast invertase (Trimble et al., 1983; Reddy et al., 1988; Ziegler et al., 1988) . However, no conclusion could be reached from these studies in regard to oligosaccharide length and endo H susceptibility. However, a hydrophobic analysis has indicated that the most endo H-resistant oligosaccharides were located in the most hydrophobic regions of the molecules. Also, sequons with larger oligosaccharides tended to reside in more hydrophilic regions.
In the case of Exg, the hydropathic profiles (Kyte and Doolittle, 1982) of the sequences containing the glycosylation sites indicated that both sequons and their immediate neighbours were more hydrophilic than the surrounding sequences; however, no clear differences between sequons 1 and 2 were seen (Figure 7) . However, quantification of the hydropathic indices according to Eisenberg et al. (1984) , using a window of seven residues centred at the glycosylated asparagine, indicated that, although both sequons are hydrophilic in nature, the first one (H = -2.15) was more hydrophilic than the second (H = -0.69). Finally, determination of Chou and Fasman (1978) conformational parameters indicated that both sequons were located in turns of the polypeptide chain (which are highly hydrophilic and exposed to the solvent) flanked by regions organized as a-helices or ,-sheets (hydrophobic and probably more deeply positioned in the folded protein). Site 2, which was less hydrophilic than site 1, was also more resistant to endo H, a situation similar to that found in invertase. However, as far as elongation of the oligosaccharide is concerned, our results have followed the opposite pattern, i.e. the large oligosaccharide is on the less hydrophilic region.
We conclude that the hydrophobicity of a short stretch of seven to 10 residues does not influence significantly its frequency of elongation nor, probably, its accessibility to endo H. These parameters, which should be dependent on the tertiary structure ofthe folded protein, appear to be governed by different structural constraints, since the first oligosaccharide, which is never elongated, is more accessible to endo H, whereas the second one, which has some probability of being elongated, is more resistant to the endoglycosidase. It should be noted that the properties of the second oligosaccharide are reminiscent of those of oligosaccharide 11 from invertase, which is also long and partially resistant to endo H (Reddy et al., 1988; Ziegler et al., 1988) .
Finally, with regard to secretion, we have previously believed that Exglb molecules bypass the Golgi cisterna in which the a-1,6-mannose backbone is added. However, the first oligosaccharide is never elongated even though the second one is, suggesting that all the molecules traverse that compartment, but each oligosaccharide has a different probability of being elongated (only 10 % of the Exg molecules undergo elongation of the second oligosaccharides). High net negative charge and positioning of the oligosaccharide cores could be factors affecting their elongation frequency.
